Photo-oxidation of Escherichia coli 5-enolpyruvoylshikimate-3-phosphate synthase, a target for the non-selective herbicide glyphosate (N-phosphonomethylglycine), in the presence of pyridoxal 5'-phosphate resulted in irreversible inactivation of the enzyme. The inactivation followed pseudo-first-order and saturation kinetics with a Kinact of 50 ,M. The inactivation is specifically prevented by preincubation of the enzyme with the combination of shikimate 3-phosphate and glyphosate. Increasing glyphosate concentration during preincubation resulted in a decreasing rate of inactivation. On 95 % inactivation, approximately one histidine per molecule of enzyme was oxidized. Tryptic mapping of the enzyme modified in the absence and presence of shikimate 3-phosphate and glyphosate as well as analyses of the histidine content in the isolated peptides indicated that His385, in the peptide Asn383-Asp-His-Arg386, was the site of oxidation. These results suggest that His38' is the most accessible reactive imidazole group under these conditions and is located close to the glyphosate-binding site.
INTRODUCTION
5-Enolpyruvoylshikimate-3-phosphate synthase (EPSP synthase, EC 2.5.1.19) catalyses the reversible condensation of phospho--enolpyruvate (PEP) and shikimate 3-phosphate (S3P) to yield 5-enolpyruvoylshikimate 3-phosphate (EPSP) (Scheme 1), which is an intermediate in the biosynthetic pathway leading to aromatic amino acids [1] . The enzyme reaction is one of two known examples in which the enolpyruvoyl group is transferred unchanged to an acceptor molecule, the other being UDP-GlcNAc enolpyruvoyltransferase [2] . In addition to the interest in the unique reaction, the enzyme is of considerable agronomic interest because it is known to be the primary target of the broadspectrum non-selective herbicide glyphosate (N-phosphonomethylglycine) [3, 4] which inhibits the enzyme by competing with the substrate PEP for binding to the active site [4] [5] [6] . The enzyme is a monomeric protein with a molecular mass of about 46 kDa Glyphosate Scheme 1 Reacfton catalysed by EPSP synthase and the structure of glyphosate [6] . Its kinetic properties and reaction mechanism have been extensively investigated [4] [5] [6] [7] [8] [9] [10] . The complete amino acid sequences of the enzymes from various sources including bacteria, fungi and plants are known [7, [11] [12] [13] [14] [15] [16] , and the mutant enzyme from Salmonella typhimurium with the replacement of Pro'0l by Ser is reported to be glyphosate-resistant [11] . In an effort to obtain information about reactive amino acid residues in the active site of this enzyme, we have performed chemical modifications using site-specific reagents and site-directed mutagenesis. These studies are important in the understanding of the catalytic mechanism of EPSP synthase and its inhibition by glyphosate. We have reported the presence of Cys408, Lys411, Lys340, Glu418, Arg27 and Arg"34 in the active centre [17] [18] [19] [20] [21] . The importance of the cationic group of Lys22 in substrate binding has been explored by chemical modifications of the enzyme with pyridoxal 5'-phosphate (PLP) [22] , o-phthalaldehyde [19] or pyruvate in the presence of sodium cyanoborohydride [23] and by site-directed mutagenesis of Lys22 to Arg, Glu and Ala [24] . Furthermore, we also suggested the existence of a histidine residue in the active site by modification of the enzyme with diethyl pyrocarbonate [25] but its position in the amino acid sequence was unclear because of the instability of N-carbethoxyhistidine during peptide purification [26] . In the present study, in view of the fact that PLP has also been reported to act as a photosensitizing agent for histidine residues of many enzymes [27] [28] [29] [30] Photo-oxidation of EPSP synthase in the presence of PLP EPSP synthase (1 mg/ml) in 50 mM Hepes buffer, pH 7.8, containing appropriate concentrations of PLP was irradiated at 25°C in a 1 cm x 13 cm Pyrex tube placed 10 cm from a 300 W Kodak Ektagraphic III AMT Projector. At various timed intervals, a sample of the reaction mixture was withdrawn and diluted 100-fold in 50 mM Hepes buffer, pH 7.0, containing 10 mM L-cysteine ethyl ester. After 5 min of incubation, the diluted enzyme was assayed for activity as described below. In the protection experiments, glyphosate and other ligands were preincubated with the enzyme for 5 min before the addition of PLP. Apparent first-order rate constants (kobs.) were calculated by least-squares analysis from the slopes of plots of ln (E/E0) against time where E0 and E are activities observed at zero time and times t respectively.
Enzyme assay
Enzyme activity was determined by measuring the rate of release of Pi as described by Lanzetta et al. [31] . A typical assay mixture contained 50 mM Hepes, pH 7.0, 2 mM S3P, 1 mM PEP and enzyme in a total volume of 0.1 ml. One unit of enzyme activity is defined as the amount of enzyme that produces 1 ,tmol of P, per min at 25 'C. Specific activity is expressed as units/mg of protein.
Other methods
Proteins (or peptides) were digested with trypsin (or chymotrypsin) in 1 % NH4HC03 for 8 h at 37°C at an enzyme/substrate ratio of 1: 50 (w/w). Purity of EPSP synthase was confirmed by SDS/PAGE [32] . Procedures for preparation of the thiocyanylated enzyme, protein carboxymethylation, peptide isolation, amino acid analysis and peptide sequencing were as described in previous papers [17] [18] [19] [20] [21] [22] [23] [24] . Tryptophan was determined after hydrolysis with mercaptoethanesulphonic acid in order to prevent its destruction during hydrolysis as described by Matsuda et al. [33] . The presence of histidine in isolated peptides was confirmed using Pauly reagent [34] and Whatman No. 1 paper. The spectral determination of tryptophan was carried out as described by Edelhoch [35] . The content of thiol groups was also determined by titration of the enzyme with 1 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) in 50 mM Hepes buffer, pH 7.0, containing 5 M guanidinium chloride. The numbering ofamino acid residues of the enzyme in this study proceeds continuously from Met' at the N-terminus to Ala427 at the C-terminus of the reported sequence from E. coli [7] .
RESULTS
Photo-oxidation of EPSP synthase in the presence of PLP As shown in Figure 1 , irradiation of EPSP synthase in the presence of PLP resulted in a significant decrease in enzyme activity. In contrast with the enzyme modified with PLP in the dark [22] , the activity of the inactivated enzyme could not be restored by treatment with amino thiol-containing compounds [Glyphosatel (juM) 8 10 Figure 2 Effect of glyphosate in the photo-oxidation of EPSP synthase in the presence of PLP Experimental conditions were the same as in Figure 1 except that the concentration of PLP was 50,M throughout. The competitive inhibitor, glyphosate, was added simultaneously with 0.1 mM S3P 5 min before the addition of PLP. The apparent first-order rate constants (kobs) were obtained as in Figure 1 .
Effect of added ligands on photo-oxidation
Photo-oxidation of EPSP synthase in the presence of PLP was prevented by preincubation of the enzyme with S3P, EPSP and the combination of S3P and the competitive inhibitor glyphosate but not by PEP. Glyphosate alone had no effect on the enzyme activity. This is not unexpected since glyphosate binding to the enzyme in the absence of S3P has never been observed [4] [5] [6] . Of these ligands, the combination of S3P plus glyphosate provided the greatest protection ( Figure 3 Absorption spectra of native and photo-oxidized EPSP synthases
The enzyme (1 mg/ml) was irradiated in the presence of 0 (----) and 50 aM PLP ( ) as described in Figure 1 . The proteins were then dialysed against 50 mM Hepes buffer, pH 7.8, and their absorption spectra were recorded with a Beckman spectrophotometer model where * From amino acid sequence of the E coli enzyme [7] .
t Determined by titration with DTNB as described in the Experimental section.
: Determined after hydrolysis with mercaptoethanesulphonic acid to prevent its destruction during hydrolysis [33] .
§ Determined spectrophotometrically [35] . The enzyme (1 mg/ml) was irradiated in the presence of 50 ,uM PLP for 30 min in the presence (a) and absence (b) of 0.1 mM S3P plus 50 ,uM glyphosate. The modified proteins were then carboxymethylated and digested with trypsin. Peptides were separated on a Vydac C18 column (4.6 mm x 250 mm) operated with a Waters h.p.l.c. system model 510. A flow rate of 1 ml/min was used with a gradient system of 0.1 % trifluoroacetic acid in water and 0.1 % trifluoroacetic acid in 80% acetonitrile (----). Peptides were detected by monitoring changes in the absorbance at 214 nm ( ). Peptide fraction 1 of (a) was further digested with chymotrypsin and reapplied to the same column (c). Darkened bars indicate peptide fractions found to react with histidine-specific Pauly reagent [34] . residues that may have been oxidized during photo-oxidation was also determined. The results indicate that the thiocyanylated enzyme was irreversibly inactivated by irradiation in the presence of PLP at the same rate as the native enzyme (results not shown). Furthermore, the content of tryptophan, methionine, tyrosine and cysteine residues remained unchanged after photoinactivation. The possibility of tryptophan oxidation was also examined by determination of the fluorescence spectra (from 300 to 500 nm at an excitation wavelength of 295 nm) of the native and photo-oxidized enzymes. The results show no difference in fluorescence spectra of the two enzymes (R. J. Schilling and Q. K. Huynh, unpublished work). Photo-oxidation of EPSP synthase, however, resulted in the oxidation of approximately one histidine residue per molecule of enzyme (Table 2) . These results may rule out the modification of tyrosine, cysteine, tryptophan or methionine residues and suggest that the oxidation of a histidine residue might be responsible for photoinactivation of the enzyme in the presence of PLP.
Identification of the photo-oxidized residue
To identify the location of the photo-oxidized histidine residue, EPSP synthase (1 mg/ml) was irradiated in the presence of 50 ,uM PLP and the absence and presence of 0.1 mM S3P and 50 ,uM glyphosate. The modified proteins were then denatured with 5 M guanidinium chloride, carboxymethylated with iodoacetic acid and digested with trypsin as described in the Experimental section. Although the structure of the modified histidine residue was still not clear and radioactive compound was not involved in the modification process, we have attempted to identify the modified histidine residue by conventional methods such as monitoring the modified histidine-containing peptide using its possible new absorbance at 325 nm. These attempts were not successful. We have therefore identified the modified histidine residue by monitoring the histidine-containing peptide in the enzyme modified in the presence of S3P and glyphosate which was not found for the enzyme modified in the absence of S3P and glyphosate. The tryptic digests were then applied to a Vydac C18 reversed-phase column, and histidine-containing peptides were identified by paper chromatography using the histidine-specific Pauly reagent [34] . In contrast with a total of eight tryptic fractions found to react with Pauly reagent for the enzyme modified in the presence of S3P and glyphosate ( Figure  4a ), only seven tryptic fractions were found for the enzyme modified in the absence of S3P and glyphosate (Figure 4b ). Peptide fraction 1 of the enzyme modified in the presence of S3P and glyphosate (Figure 4a ) thus must contain a histidine residue that was oxidized in the enzyme modified in the absence of S3P and glyphosate (Figure 4b ). Peptide fraction 1 was further digested with chymotrypsin and reapplied to a C18 reversedphase column (Figure 4c ). Of the peptides collected, only peptide 2 showed positive reaction with the Pauly reagent for histidine. Amino acid analysis and sequencing of this peptide showed that it contained Asx (2.2 mol), His (1.1 mol) and Arg (1.0 mol) and has a sequence of Asx-Asp-His-Arg which corresponds to that of the segment Asn383-Asp-His-Arg386 of EPSP synthase [7] , indicating that His385 was the oxidized residue.
intermediate, possibly a thiol group, we have investigated the effect of photoinactivation on the catalytically active thiocyanylated enzyme. In addition, the content of other amino acid DISCUSSION As previously described [17] [18] [19] [20] [21] [22] [23] [24] 41] , covalent-modification studies almost always present difficulties in interpretation. Are Figure 5 Amino acid sequence around HisNI of EPSP synthases from E. coli [7] , S. typhimurlum [11] , Petunia hybrida [12] , Lycopersicon esculentum (tomato) [12] , Aspergillus nidulans [13] , Arabidopsis thaliana [14] , Saccharomyces cerevisiae [15] and Bordetella pertussis [16] The arrow indicates the essential histidine residue identified in this work.
modifying group of different size and charge? The latter possibility is well illustrated by modification of EPSP synthase with DTNB which resulted in inactivation of the enzyme [18] . However, when the TNB group from the DTNB-modified enzyme was replaced with the smaller uncharged CN group, the enzyme regained its activity indicating that the modified thiol group is not essential for activity. In contrast with covalent modification, although the mechanism of photo-oxidation has not been fully established, it is a useful mild technique for modifying histidine residues in proteins [42] . The results presented here show that PLP irreversibly inactivated EPSP synthase in visible light by oxidation of a histidine residue ( Table 2 ). The specificity of the reaction is supported by the following observations: (1) native and photo-oxidized enzymes showed identical mobilities when subjected to SDS/PAGE and gel filtration as well as identical fluorescence and c.d. spectra (R. J. Schilling and Q. K. Huynh, unpublished work); (2) the catalytically active thiocyanylated enzyme was also irreversibly inactivated by irradiation in the presence of PLP, ruling out the possibility of oxidation of thiol groups; (3) the content of other amino acids that may be oxidized under these conditions, such as methionine, tyrosine and tryptophan, remained unchanged (Table 2) . Inactivation of the enzyme by irradiation in the presence of PLP followed pseudo-first order and saturation kinetics with a K,nact of 50 1tM (Figure 1, inset) . On 95 % inactivation, approximately one histidine residue per molecule of the enzyme was oxidized (Table  2) . Since the kinetic pattern of photo-oxidation of the enzyme by PLP is competitive with glyphosate in the presence of S3P (Figure 2 ), the modified histidine residue might be located close to the glyphosate-binding site. In order to identify the modified histidine residue, EPSP synthase was irradiated with PLP in the absence and presence of S3P and glyphosate. The modified proteins were then carboxymethylated and digested with trypsin. Isolation of the tryptic peptides by C18 reversed-phase h.p.l.c. (Figure 4 ), as well as subsequent digestion and analyses of the isolated peptides, indicated that His385 was the modified site. This residue is conserved in the primary structure of all EPSP synthases studied to date ( Figure 5 ) [7, [11] [12] [13] [14] [15] [16] .
In the proposed mechanism of action of EPSP synthase, a nucleophile would probably be involved in the protonation of C-3 of PEP to form an enolenzyme [9] or in the addition of the hydroxy group of S3P to the double bond of PEP to give an intermediuate in which phosphate is subsequently released to yield EPSP [8, 9] . Charged amino acid residues might also be required for S3P and PEP binding. On the basis of sensitivity of the enzyme to bromopyruvate [17] , 1-ethyl-3-(3-dimethylaminopropyl)carbodi-imide [20] , o-phthalaldehyde [19] , phenylglyoxal [21] , PLP [22] ; Lys4"', Glu418, Lys340, Arg27, Arg'34 and Lys22 respectively have been suggested as candidates for the proposed nucleophile or substrate binding. Of these suggested active-site residues, the role of Lys22 was confirmed as essential for substrate binding by site-directed mutagenesis studies [24] . Although the roles of Lys340, Lys41' and Glu418 are still unclear, it has been suggested that the positively charged residues, Arg27 and Arg134, might be important for substrate binding [21] . His385 identified in this work is of particular interest since it is conserved in all EPSP synthase sequences studied to date [7, [11] [12] [13] [14] [15] [16] , and, furthermore, crystallographic studies of the E. coli EPSP synthase indicate that the protein is folded into two domains with an open structure. It is possible that His385 from one domain and residues Lys22 and Arg27 from the other are in nearby proximity when the two domains close together to form the active site [43] (W. C. Stallings, personal communication).
In conclusion, the results in this study indicate that the oxidation of His385 is responsible for inactivation of the EPSP synthase by irradiation in the presence of PLP. The reaction is prevented by preincubation of the enzyme with S3P and glyphosate. These results suggest that His385 might be located in the active site but do not clearly distinguish between a role in substrate binding or catalysis. If we assume that His385 is essential for the catalytic action of the enzyme, then its oxidation should result in complete inactivation of the enzyme. Our results show that this is not the case and therefore indicate that His385 might be important in substrate binding. The role of His385 in the overall mechanism of action of EPSP synthase, however, needs to be confirmed by site-directed mutagenesis of His385 to other amino acid residues such as arginine, glutamine or alanine and characterization of the purified mutant enzymes.
